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Abstract. Globally, and in the US, wildfires pose increasing risk to people and their homes. Wildfire management
assumes that buildings burn primarily in the wildland—urban interface (WUI), where homes are either ignited directly
(especially in intermix WUI areas, where houses and wildland fuels intermingle), or via firebrands, the main threat to
buildings in the interface WUI (areas with minimal wildland fuel, yet close to dense wildland vegetation). However, even
urban areas can succumb to wildfires. We examined where wildfire damages occur among urban, rural and WUI (intermix
and interface) areas for approximately three decades in California (1985-2013). We found that interface WUI contained
50% of buildings destroyed by wildfire, whereas intermix WUI contained only 32%. The proportion of buildings destroyed
by fires among classes was similar, though highest in interface WUI areas (15.6%). Our results demonstrate that the
interface WUI is where most buildings were destroyed in California, despite less wildland fuel. Continued advancement of
models, mitigation and regulations tailored for the interface WUI, both for California and elsewhere, will complement the

prior focus on the intermix WUI.
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Introduction

Over the past several decades, catastrophic wildfires have
caused mounting economic, social and ecological damage
across the globe (Moritz et al. 2014; Bowman et al. 2017). For
example, Australia, Canada, Portugal and Chile have all seen
record destruction and loss of life due to wildfire in recent years
(Godoy et al. 2019; Cruz et al. 2012; Gomez-Gonzalez et al.
2018; Oliveira et al. 2017; Boulianne et al. 2018). The United
States is similarly incurring high rates of wildfire damage,
despite soaring expenditures on wildfire management (Fischer
etal. 2016; Steelman 2016). For example, in 2018 the Camp fire
destroyed nearly 19000 structures and killed 85 people — the
deadliest fire in California history (CAL FIRE 2018b, 2018¢).
In California, and the rest of the USA, wildfire management
has become more complex, costly and dangerous as a result of
multiple factors, including climate change, legacies of wildfire
suppression and housing growth (Fischer ez al. 2016; Steelman
2016). One-third of all homes in the US are built in or near
wildland vegetation and constitute the wildland—urban
interface, or WUI, a complex environment that increases the
challenges of wildfire management (Schoennagel et al. 2017;
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Radeloff et al. 2018). Because ignitions are overwhelmingly
human-caused (Nagy et al. 2018), wildfire ignitions are more
likely with WUI expansion (Syphard et al. 2007; Syphard et al.
2017) and even more so as the entire wildfire season lengthens
owing to more ignitions and climate change (Balch et al. 2017;
Schoennagel et al. 2017). At the same time, there are more
homes to protect in the event of wildfire (Radeloff et al. 2018),
resulting in greater wildfire suppression expenditures (Gude
et al. 2013; Hand er al. 2016). Indeed, 69% of buildings
destroyed by wildfire across the US are located in the WUI,
and in California, that number rises to 75% (Kramer et al. 2018).

Accordingly, wildfire policy and recommendations often
focus on the WUI and aim to reduce building ignition either
from nearby vegetation or from firebrands (United States
Congress 2003; Wildland Fire Executive Council 2014). For
example, a recent presidential Executive Order intended to
reduce the likelihood of wildfire risk to federal buildings
through retrofitting and maintaining defensible space (Obama
2016). However, beyond these federal buildings, the US federal
government does not regulate or influence land-use planning
and building practices in response to wildfire hazards
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(as opposed to other natural hazards such as floods) (Burby 2001;
Thomas and Leichenko 2011). Instead, the responsibility for
adapting residential development to wildfire falls to local
governments and communities. For example, city or county
governments can use land-use regulations to guide or restrict
residential development to reduce risk of wildfire loss, and
incorporate wildfire risk into community planning (Fire Adapted
Communities Coalition 2014; FAC Learning Network 2016).
At the level of the individual home, mitigation through building
materials or vegetation can be required by building codes,
overlay zoning, and other ordinances or regulations (Winter
et al. 2009; McCaffrey et al. 2011). Voluntary efforts and
education programs are also widespread (Kramer et al. 2018),
such as the Firewise program, which provides homeowners with
recommendations on how to reduce risk from wildfires through
mitigation (National Fire Protection Association 2016).

Management efforts commonly focus on all types of WUI
uniformly, or define it loosely or with inconsistent definitions
(Platt 2010). The 2001 Federal Register definition of the WUI
defines two separate types of WUI: interface WUI (Fig. 1a), i.e.
developed areas that have sparse or no wildland vegetation, but
are within close proximity of a large patch of wildland, and
intermix WUI (Fig. 15), i.e. the area where houses and wildland
vegetation directly intermingle (USDA and USDI 2001). Both
types of WUI have been widely mapped (Radeloff ez al. 2005;
Radeloff et al. 2018), based on the specifications of the Federal
Register WUI definition (USDA and USDI 2001). These maps
are used to inform federal policy, including a recent Executive
Order (Obama 2016).

Within this WUI framework, the intermix WUI is often
described as more difficult to manage for wildland fire (Davis
etal. 2000). Indeed, the designation of intermix vs interface WUI
implies that there is less flammable vegetation in the interface
WUI. However, landscaping does not constitute a ‘wildland
fuel’, yet can carry fire, and, in the case of certain fire-prone
varieties such as eucalyptus, cypress and juniper, can propagate
fire more rapidly than native fuels (CAL FIRE 2017). Among the
two WUI types, there are far more houses in the interface WUI,
but the intermix WUI is far more widespread (Radeloff et al.
2018), and eight times more prevalent in area within destructive
wildfires in the US (Kramer ef al. 2018). However, interface
WUI, and even urban areas, can also experience devastating
losses from wildfires. For example, the 2017 Tubbs fire in
California caused major damage within the city limits of Santa
Rosa, where it destroyed entire urban neighbourhoods and 5636
buildings, making it one of the most destructive wildfires in US
history. Furthermore, recent work by Syphard et al. (2019)
suggests that rural destruction was high in a sample of fires
throughout California, further fuelling the debate on housing
density and wildfire destruction. A further incongruence exists
between research, which focuses more on the WUI, and man-
agement and legislation, which in California is often based on
mapped Fire Hazard Severity Zones, which only peripherally
consider the WUI (Davis et al. 2000; CAL FIRE 2007).

An enhanced understanding of where wildfire losses occur,
within and beyond the WUI, could help refine management
recommendations. Although houses in the intermix WUI can be
directly ignited from nearby wildland vegetation, other buildings,
or firebrands (burning material that can be carried aloft), direct
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Fig. 1. Images of (@) interface wildland—urban interface (WUI) (in the
2003 Cedar fire); (b) intermix WUI (in the 2007 Witch fire); (c¢) urban non-
WUI (in the 2017 Tubbs fire); and (d) rural non-WUI (in the 2008 BTU
Lightning complex). Images were obtained from Google Earth (Google Inc.
2016) for the year before each fire. Substantial destruction occurred to
buildings in each image during the subsequent fire.

ignition from nearby wildland vegetation in the interface WUI is
less common (because interface areas are defined by having lower
densities of wildland vegetation), and firebrands, landscaping
vegetation and other buildings are a more common source of
ignition (Stewart et al. 2007; Haas et al. 2013). In other words, the
two types of WUI may require different management approaches.
For example, maintaining defensible space and reducing fuel
loads over large landscapes may be more effective in reducing
wildfire losses in the intermix WUI than the interface WUIL
Furthermore, fuel models and wildland fire behaviour models
are lacking for areas with an abundance of non-natural fuel such as
propane tanks, vehicles and the homes themselves, as is com-
monly the case in urban and interface WUI areas (Anderson 1982;
Scott and Burgan 2005; Maranghides and Mell 2012).

Our overarching research question was thus to determine the
extent of wildfire destruction associated with different residen-
tial development settings (urban, interface WUI, intermix WUI
and rural, as defined by the Federal Register (USDA and USDI
2001) and mapped by Radeloff ez al. (2005)) in California — the
state with both the most building destruction in the WUI, as well
as the most building destruction from wildfire across the US
(Kramer et al. 2018). We examined wildfires across California
over a 28-year period (1985-2013) and include the 2017 Tubbs
fire as a recent case study of a notably destructive and urban
wildfire in order to fully characterise the challenges wildfire
poses to homes and buildings in this densely developed and
fire-prone state. Our research questions were: (1) how are
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building losses distributed between intermix WUI, interface
WUI non-WUI urban and non-WUI rural areas; and (2) do these
patterns of building losses vary with the destructiveness (defined
as the total number of buildings destroyed) of the wildfire, and
among individual wildfires? We expected both the total number
of buildings destroyed and the rate of destruction to be higher
in the intermix WUI than the interface WUI because (i) the
interface WUI is smaller in area than the intermix WUI,
(ii) firebrands, other buildings and landscaped vegetation are
the main source of ignitions in the interface WUI, and (iii) dense
wildland vegetation is mixed with buildings in the intermix WUI.

Methods
Study area

California is an apt location for our study. Owing to the abun-
dance of wildfires and close proximity of people and wildfire-
prone landscapes, the state has a long history of destructive
wildfires. Between 2000 and 2013, more buildings were
destroyed by wildfire in California than in the other 47 conter-
minous US states combined (Kramer ef al. 2018). Hundreds of
millions of dollars are spent each year on suppression alone, on
top of costs for mitigation, education and research into ways
people and wildfire can coexist (California Department of
Forestry and Fire Protection 2017). The state is highly diverse in
climate, vegetation, topography, land ownership, and develop-
ment densities and patterns. California’s natural systems range
from chaparral, most prominent in the south coast bioregion,
redwood on the central coast, to oak woodland in the central
coast and in a band across lower elevations of the Sierra Nevada,
with mixed-conifer and alpine systems at higher elevations in
this bioregion (Sugihara et al. 2006). Building settlement pat-
terns are also highly diverse, with large urban centres, both
widespread interface and intermix WUI, and large swathes of
rural and agricultural lands. Furthermore, human communities
vary broadly in income and socioeconomic status across the
state, with high racial and ethnic diversity (US Census Bureau
2018). Wildfires that destroy buildings occur throughout Cali-
fornia, and although most wildfires that destroy many buildings
have affected southern California, the three most destructive
wildfires (in terms of building loss) in state history, the 2018
Camp fire, 2017 Tubbs fire and 1991 Oakland Hills fire,
occurred in the northern half of the state (CAL FIRE 2018c¢).

Data

To determine the locations of buildings destroyed by wildfire, we
digitised all buildings before and after all wildfires that burned
between 1985 and 2013 that contained at least one building and for
which there was sufficient imagery (Fig. 2). Of 270 wildfires
considered, 89 destroyed at least one building. Data collection
methods for the post-2000 wildfires (n=78) are described by
Alexandre et al. (2015) and methods for the pre-2000 wildfires
(n=11)aredescribed by Kramerezal. (2018), which also includes
anaccuracy assessment for wildfires from 2000 to 2013. Although
methods are similar for these two datasets, image availability was
more limited for older fires. We used wildfire perimeters from the
Monitoring Trends in Burn Severity (MTBS) dataset, which
includes all wildfires greater than 404 ha (1000 acres) in the
western US (Monitoring Trends in Burn Severity 2016).
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As a case study, we acquired data on building location and
destruction status in the 2017 Tubbs fire. The wildfire perimeter
was obtained from CAL FIRE (2018«). Building locations were
composed of points from two sources. CAL FIRE provided
point data for all 5636 destroyed buildings, as well as for damaged
and surviving buildings, which we combined into a single non-
destroyed class (n=371) (CAL FIRE and Kephart 2018).
Because some surviving buildings were skipped in the rapid
post-fire assessment, and did not appear in the CAL FIRE
database, we used Sonoma County building footprints derived
from LiDAR flown in 2013 (Sonoma County Agricultural Preser-
vation and Open Space District 2018) to supplement the surviving
buildings dataset, adding (2519) additional surviving building
points at the centroids of all footprint polygons with perimeters
that were >5 m from a CAL FIRE building point. Although this
approach does not account perfectly for every building within the
fire perimeter, quality check assured us that the accuracy was
sufficient for the purpose of the present case study.

For all wildfires studied, we used the 1990, 2000 and 2010
WUI classifications created by Radeloff et al. (2018) to identify
interface WUI, intermix WUI, urban and rural areas. WUI areas
were defined as census blocks with at least 6.17 homes km % and
either (1) 50% wildland vegetation within the census block —
classified as intermix WUTI; or (2) a large (at least 5 km?) area of
dense wildland vegetation (at least 75%), within 2.4 km (based on
the distance firebrands may travel) — classified as interface WUL.
These WUI types and thresholds are based on the 2001 Federal
Register definition of the WUI (USDA and USDI 2001; Radeloff
et al. 2005). Non-WUI areas were classified as urban, i.e. those
with =6.17 homes km 2 but with insufficient vegetation, even
nearby, to be classified as WUI, or rural, i.e. those with <6.17
homes km 2 and with either wildland vegetation or not. We
applied the 1990 WUI map to wildfires that burned between 1985
and 1994, the 2000 WUI map to wildfires that burned between
1995 and 2004, and the 2010 WUI map to wildfires that burned
between 2005 and 2013, as well as to the Tubbs fire case study.

What is the distribution of building destruction in WUI
and non-WUI classes?

We calculated the area burned and buildings destroyed within
interface WUI, intermix WUI, non-WUI urban and non-WUI
rural for all wildfires in our dataset that burned at least one
building between 1985 and 2013. We summarised the percentage
of each wildfire area in each class, where class represents urban,
interface WUI, intermix WUI and rural areas. We also calculated
the proportion of total destruction and destruction rate as follows:

D
P(d,) = Ef
J— Dc
¢ D+,

P(d.) = proportion of total destruction in a given class
R. = destruction rate for a given class

D, = number of buildings destroyed in a given class
D, = total number of buildings destroyed

S. = number of buildings that survived in a given class
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Fig.2. Map of California, showing the 89 wildfires that burned between 1985 and 2013, the 2017 Tubbs
fire, and the total building destruction in each wildfire.

We present findings for all wildfires together, as well as
ternary plots to examine variation among individual wildfires.
Ternary plots show each point as a position within a triangle,
where each side of the triangle forms an axis that ranges from
0 to 100, and for which the three values for each point must sum
to 100. As ternary plots have, by definition, three axes, we
combined urban and interface WUI into a single axis (the urban
area was small and had little destruction). Intermix WUI and
rural areas were represented by the other two axes. We created
two ternary plots showing how the (1) proportion of area, and
(2) proportion of destruction in each class varied among fires
and by fire size.

How does overall wildfire destruction of buildings affect
the distribution of building destruction and area in WUI
and non-WUI classes?

We compared the building destruction and wildfire area in
urban, interface WUI, intermix WUI and rural areas with
the overall destructiveness of the 89 fires in our dataset.

We summarised these relationships in scatterplots with Pearson
correlation coefficients. We performed an exploratory analysis
of how destruction rate changed over time in each WUI and non-
WUI class using linear models, yet we caution that our data for
older fires is a small subset that may not capture some trends (see
Part 4 in Supplementary material available online). Because of
this difference in data availability for older fires, we did not
perform an analysis of absolute destruction. We also describe
the 2017 Tubbs fire as a case study, which was the most
destructive California wildfire (destroyed the most buildings) at
that time. See Table Al.l in Supplementary material for full
table of wildfire area, destruction and survival.

Robustness checks and caveats

Interface and intermix areas, by definition, differ in their resi-
dential density and distribution of vegetation. Therefore, we
conducted an additional exploratory analysis to test whether
building density was significantly related to building survival.
We compared the distance from each building to the nearest
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Table 1.
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California wildfire area and building destruction in intermix wildland—urban interface (WUI), interface WUI, urban and rural areas

within fires that burned between 1985 and 2013 (n» = 89), as well as the proportion of area and buildings in each class in California statewide

Area Area Area in Survival Destruction Proportion Proportion total ~ Proportion total Destruction
(km?) (%)  California (%) (no. buildings) (no. buildings) total buildings in destruction (%)  rate (%)
buildings (%)  California (%)

Non-WUI, urban 11 0.1 1.0 2747 349 4.9 57.1 4.0 11.3
Interface WUI 155 1.8 1.9 23658 4374 44.0 26.9 50.1 15.6
Intermix WUI 841 9.5 45 21178 2790 37.6 5.5 32.0 11.6
Non-WUI, rural 7836 88.6 92.6 7362 1209 13.5 10.5 13.9 14.1
Total 8844 100.0 100.0 54945 8722 100.0 100.0 100.0 13.7
building, nearest destroyed building and nearest surviving Table2. Wildfire area and building destruction in intermix wildland—

building in urban areas, interface WUI, intermix WUI and rural
areas to see if our findings on building loss followed from the
spatial configuration of buildings within these different settings
(see Part 2 in Supplementary material). Because buildings
themselves often serve as fuel, we expected shorter distances
between destroyed buildings in urban and interface WUI areas
compared with buildings that survived. Although further
investigation of building proximity to burned vegetation or
high-severity fire would be valuable, such data collection was
out of the scope of this study.

Because we used a national WUI map to investigate wildfire
losses and policy, we also examined the state-level policy
designations unique to California. California requires wildfire
mitigation in designated hazard areas, as mapped by CAL FIRE
(Davis et al. 2000; CAL FIRE 2007). Starting in the 1980s,
regulations for mitigation (building materials and defensible
space) by wildfire hazard zones were first adopted for State
Responsibility Areas (SRAs), i.e. areas where the State of
California (CAL FIRE) has the responsibility for suppression.
After the catastrophic Oakland Hills fire (Tunnel fire) of 1991,
hazard zoning and mitigation requirements were expanded to
Local Responsibility Areas (LRAs), which includes incorpo-
rated cities, densely populated areas and agricultural lands
(1992 Bates Bill (California State Assembly 1992); CAL FIRE
2018a). Because the efficacy of state-level hazard classifica-
tions has been questioned in the past (Syphard et al. 2012), we
examined destruction within these zones for all wildfires (see
Part 3 in Supplementary material).

Results

What is the distribution of building destruction in WUI
and non-WUI classes?

From 1985 to 2013, we mapped 8722 buildings destroyed by
wildfire in 89 individual wildfires that destroyed at least one
building, an overall destruction rate of 14% of all buildings
threatened by these fires. Although only 32% of buildings in
California are located in the WUI, 82% of the destroyed build-
ings were located in the WUI (Table 1).

Nearly all the area within wildfire perimeters was rural
(89%), yet these rural areas contained only 14% of the buildings
that were destroyed (Table 2; Fig. 3). Interface WUI accounted
for 50% of all buildings destroyed, despite covering only 1.8%
of'the total area burned and comprising only 27% of buildings in
California (Table 1, Table 2). The destruction rate was also

urban interface (WUI), interface WUI, urban and rural areas for
wildfires that burned between 1985 and 2013, as well as the 2017 Tubbs
fire

All California (n = 89) Tubbs (n=1)

Area (%)

Non-WUI, urban 0.1 1.3

Interface WUI 1.8 52

Intermix WUI 9.5 41.2

Non-WUI rural 88.6 52.3
Proportion total destruction (%)

Non-WUI, urban 4.0 254

Interface WUI 50.1 349

Intermix WUI 32.0 35.7

Non-WUI rural 13.9 4.0
Destruction rate (%)

Non-WUI, urban 11.3 75.7

Interface WUI 15.6 72.4

Intermix WUI 11.6 61.5

Non-WUI rural 14.1 352

highest in the interface WUI (15.6% of all interface buildings
within fire perimeters were destroyed; Table 2), though destruc-
tion rates were similar across urban, interface WUI, intermix
WUI and rural areas (11.3, 15.6, 11.6 and 14.1% respectively;
Table 1). Ternary plots examined variation in destruction and
WUI classes among individual wildfires. Nearly all of the
wildfires occurred primarily in rural areas, but rural destruction
was variable (Table 2; Fig. 3b). For example, although rural
areas accounted for only 14% of all destroyed buildings (of all
fires combined), 44 of 89 individual wildfires experienced more
building destruction in rural areas than all other areas combined,
although the total number of buildings in these wildfires was low
(these 44 wildfires only accounted for 632 (7.2%) buildings
destroyed; Fig. 3b; Table Al.1).

How does overall wildfire destruction of buildings affect
the distribution of building destruction and area in WUI
and non-WUI classes?

More destructive fires threatened and destroyed a higher pro-
portion of buildings in the interface WUI and fewer in rural areas
(Fig. 4). Destruction rate in more destructive wildfires was
higher in urban, interface WUI and intermix WUI areas, yet
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Fig. 3. Proportion (@) area, and (b) total destruction in the intermix
wildland—urban interface (WUI), non-WUTI rural, interface WUI, and non-
WUI urban areas for 89 destructive California wildfires (1985-2013) in black
and the 2017 Tubbs fire in red. Note that only six wildfires had any destruction
in urban areas, which were combined with interface WUI. Each hollow circle
represents a fire. Follow the centre of each point to each of the three axes to
calculate the relative proportion of that fire in each of the three classes. For
example, the Tubbs fire (shown in red) had 60% of its total destruction in urban
and interface WUI areas, 36% in intermix WUI and 4% in rural areas.
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destruction rate in rural areas was not related to the fire’s
overall destruction (Fig. 4). However, more destructive wild-
fires had a substantially higher proportion of area in interface
WUI and lower proportion of rural area (Fig. 4). Destruction
rate did not significantly change over time, either for all fires, or
for any individual WUI or non-WUI class (Part 4 in Supple-
mentary material).

In the Tubbs fire, similar to other California wildfires,
destruction was primarily in the WUI (71 and 82% destruction
respectively; Table 2). Although more destructive fires showed
a higher proportion of destruction in the interface WUI, the
Tubbs fire had approximately equal destruction in the interface
and intermix WUI (35 and 36% respectively; Table 2). How-
ever, 1/4 of destruction in the Tubbs fire occurred in urban areas,
compared with 4% for California fires (Table 2). Indeed, only 5
fires in our dataset of 89 had any destruction at all in urban areas,
totalling 349 buildings, compared with 1430 urban buildings
destroyed in the Tubbs fire alone (Table A1.1). The destruction
rate was also very high in the Tubbs fire across urban areas, as
well as interface and intermix WUI (76, 72 and 62% respec-
tively), matching trends of higher destruction rates in more
destructive fires (Fig. 4).

Robustness checks and caveats

Our exploratory analysis of building proximity and destruction
revealed high variability. Although destroyed buildings were
generally closer to other destroyed buildings than surviving
buildings, this relationship was not significant (owing to high
variability in distances). There was no significant difference
among distances between buildings for the WUI and non-WUI
types (see Part 2 in Supplementary material).

Fire Hazard Severity Zones accurately matched area burned
and destruction rate in most wildfires, with the exception of the
Tubbs fire. Of all area burned by destructive wildfires in our
sample, 86% fell into the Very High hazard class and captured
78% of destruction. Destruction rates were highest for High and
Very High classes (13% in both; see Part 3 in Supplementary
material). In contrast, the Tubbs fire burned the most area (51%)
in Moderate zones and the most buildings (39%) in Urban
(unrated) areas, where destruction rate was also the highest
(73%; see Part 3 in Supplementary material).

Discussion

Interface WUI areas accounted for the majority of building
destruction in California wildfires that destroyed at least one
building. In fires with more overall building destruction, the
percentage of buildings in the interface WUI, as well as the
destruction rate in urban, interface WUI and intermix WUI was
higher. More-destructive wildfires contained a larger proportion
of interface and intermix WUI, and less rural area. In total, half
of all buildings destroyed by wildfire were located in the
interface WUI, which composed only 2% of the area burned by
these wildfires (though interface WUI includes 27% of all
homes in California). Within fire perimeters, buildings in the
interface WUI had the highest chance of destruction from
wildfire. This may have been due to non-wildland fuel in these
areas (e.g. homes, vehicles, propane tanks and landscaping
vegetation) or other factors.
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Urban wildfire building losses were rare, but concentrated
when they did occur, and were nearly absent from the area
burned by destructive wildfire for all fires from 1985 to 2013.
Indeed, urban areas accounted for a low proportion of total
destruction, as well as a relatively low rate of destruction,
presumably because these areas lacked wildland fuels (as in
Fig. 1c) and likely received increased suppression resources,
making it rare for wildfire to even approach these areas (Gude
et al. 2013). In contrast, in the Tubbs fire, there were extensive
damage and high destruction rates in urban areas (Table Al.1).
The Tubbs fire also departed from the usual patterns observed
for Fire Hazard Severity Zones, with fewer losses in the highest-
rated areas. Even the 1991 Oakland Hills (Tunnel) fire (the most
destructive wildfire in our primary dataset) only experienced
10% of destruction in urban areas, with an urban destruction rate
of 34% (compared with 25% of destruction in urban areas and a
destruction rate of 76% in the Tubbs fire; Table A1.1). The speed
and destructiveness of the Tubbs fire were likely due to a
combination of extreme winds that carried the fire and fire-
brands long distances, and the high number of people and homes
within the fire’s perimeter (Keeley 2017). However, even for the
Tubbs fire, WUI areas contained the majority of the losses, and
destruction rates were high in all areas (interface WUI, intermix

WUI and urban all had destruction rates of 60% or higher). Other
recent and highly destructive fires including the 2018 Carr,
Camp and Woolsey fires included no urban area within their
perimeters, exemplifying the rarity of building destruction by
wildfire in urban areas.

Rural areas encompassed the majority of the area burned by
destructive wildfires, and ternary plots revealed that half of
destructive California wildfires destroyed buildings primarily in
rural areas; yet these fires threatened and destroyed few buildings
overall owing to low building density (Fig. 1d; Fig. 3). The rate of
destruction in rural areas was also high. Buildings in non-WUI,
rural areas with wildland vegetation certainly remain vulnerable
to wildfires as evidenced by this high overall destruction rate (see
also Kramer et al. 2018). In many cases, the reason why these
rural areas with wildland vegetation are not mapped as WUI is
that their housing density is too low (Radeloff ez al. 2018).

A consistent threshold that differentiates WUI from rural
areas is important, both in comparing results of different studies,
and in relating results to management actions on the ground.
Recent work by Syphard et al. (2019) suggested that destruction
by wildfire in California was most prevalent in rural as opposed
to WUI or urban areas. However, they found an overall mean
housing density of 0.08 to 2.01 structures ha~' for destroyed
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structures, which is well above the WUI threshold of 0.062
homes ha™', suggesting that what we define as WUI matches
what they define as rural (Stewart et al. 2007; Syphard et al.
2019). Tracking these housing densities consistently across
studies is essential for comparing wildfire management, losses
and policy implications in the diversity of settings where
wildfire poses a threat to housing development (Stewart et al.
2007; Platt 2010). Although other WUI definitions exist, those
described by the Federal Register (USDA and USDI 2001) are
used nationally and provide a consistent framework on which to
evaluate the WUI This does not mean that these definitions are
set in stone, however, and future definitions could further
advance the ways that WUI is mapped and regulated.

Our results highlight that wildfire can cause extensive
damage, even in areas with relatively little wildland vegetation.
Although some wildland vegetation was present in urban and
interface WUI areas (Fig. 1¢ and 1a), it was insufficient to map
these areas as interface WUI. Indeed, using the Scott and Burgan
(2005) set of 40 fire models mapped by the LANDFIRE project
(http://www.landfire.gov, accessed 4 March 2019), over half of
all destroyed buildings in our dataset (54%) were located in
‘unburnable’ land-cover classes. These areas are considered
susceptible to ignition primarily by firebrands, non-wildland
vegetation such as landscaping and agriculture and the buildings
themselves, which become important fuel and sources of fire-
brands in the interface WUI (Maranghides and Mell 2012;
Syphard et al. 2014; CAL FIRE 2017). Because buildings
themselves often serve as fuel, we expected shorter distances
between destroyed buildings in urban and interface WUI areas
compared with buildings that survived. Although this trend
existed, sample variance was high and the trend was not
significant.

Caveats

In interpreting our findings, it is important to keep several
possible sources of error associated with our analyses in mind.
Our data on building destruction may not account for all
destruction. For example, a building may have been missed in
our analyses owing to visual occlusion by overhanging vege-
tation in the aerial image. Also, because imagery immediately
after the wildfire was not always available, some buildings may
have been recorded as having survived when, in reality, they
were destroyed and rebuilt. However, only images under 3 years
after the wildfire were used to minimise these errors. Owing to
image and wildfire perimeter availability, we were not able to
sample all wildfires in California between 1985 and 2013,
especially older wildfires, where little information is available;
however, the sampled wildfires should accurately represent
wildfires that destroy buildings in California. Although we did
not find significant temporal trends in destruction rates, our
small sample may have been insufficient to identify potential
existing trends. This sampling design meant that we could not
make an inference about the full population of all wildfires, and
were limited to statements about the fires that we analysed only.
For these fires, however, we mapped all buildings and, as such,
any differences are statistically significant when accounting for
the proportion of the population (of the buildings in our fire
perimeters) that were sampled (which was all of them). Finally,
WUI maps were based on work by Radeloff et al. (2005, 2018),
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and represent areas that meet the housing density and vegetation
criteria as described by the Federal Register (USDA and USDI
2001), but they do not predict wildfire risk based on other factors
(vegetation, ignitions, topography, weather patterns, etc.).
Although all of these factors may have affected the exact
numbers that we presented, none of them are likely to have
affected our main conclusions.

Management implications

Our results have important implications for both wildfire
policy and wildfire modelling. Wildfire models predict wildfire
behaviour and effects based on flammable natural fuels, yet our
results indicate that wildfire can be highly destructive in the
interface WUI, where wildland fuels are sparse (see also
Maranghides and Mell (2012) and Skowronski et al. (2016)).
Landscaping, agricultural vegetation and fuels other than veg-
etation are rarely considered in sets of fuel models such as those
of Anderson (1982) and Scott and Burgan (2005). Wildfire
models are used to predict the behaviour of specific wildfire
events, as well as gauge the relative wildfire risk in different
areas, yet without non-wildland vegetation, buildings, propane
tanks, wood piles and vehicles included as potential vectors for
wildfire, model performance in the WUI is likely to be poor.
Although some WUI fire and fuel models exist (Haas ez al. 2013;
Dietenberger and Boardman 2017), further research into the
dynamics of wildfire spread and hazard in the WUI with its
diverse natural and manufactured fuels could improve model
predictions of wildfire behaviour and effects (Mell et al. 2010;
Mahmoud and Chulahwat 2018). In addition, continued focus
on studying and mapping areas at risk of wildfire, as well as
identifying which mitigation strategies are most effective in
these areas are key components to reducing future building
destruction by wildfire. Such research could be helpful in
improving and updating the WUI definition, as well as hazard
risk ratings for the state of California (although many Fire
Hazard Severity Zones mapped hazard accurately for wildfires,
model results were a poor fit for the Tubbs fire). The Tubbs fire,
in addition to other fires in our dataset, was characterised by
strong winds, which can lead to increased fire spread rate and
economic damages and loss (Jin er al. 2015). We did not
examine the relationship between wind and building destruction
by fire, but it represents an important consideration to include
in fire and risk models. Although nothing can eliminate risk
entirely as long as people, buildings and fuel are present, many
strategies can decrease wildfire risk, and certain actions may be
especially beneficial in the interface WUI. For instance, for
individual buildings, using fire-resistant building materials and
maintaining defensible space in the home ignition zone (see also
Gibbons et al. (2018)), even when that zone extends across
property boundaries (see California Public Resources Code
4291; Schwarzenegger 2004), can reduce fire risk (Cohen 2008;
Platt 2014; National Fire Protection Association 2016).

Conclusion

We found that the interface WUI, i.c. settled arcas with little
wildland vegetation that are near large blocks of wildland veg-
etation, is where the greatest total amount of building destruc-
tion has occurred in California (the state with more building
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destruction by wildfire than all other states combined) in the
case of destructive fires that burned between 1985 and 2013.
Wildfire and fuel models that include the broad range of the
fuels present in the interface WUI (including landscaping,
agricultural vegetation, vehicles and structures themselves) are
important to understand fire behaviour and effects in these more
densely populated areas. A combination of improved modelling,
research into wildfire risk in densely built areas, fuel reduction
in the home ignition zone, use of fire-resistant landscaping and
building materials, strategic placement of fuel reduction treat-
ments around communities, and community education and
planning of building locations in regards to wildfire could lead
to policies and mitigation that reduce wildfire risk in the inter-
face WUL
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